Introduction
Gaucher disease (GD) is one of the most prevalent lysosomal storage disorders throughout the world with an incidence of 1 in 40,000 in the general population but as high as 1 in 800 in the Ashkenazi Jewish population [1] . An autosomal recessive disorder, it occurs due to biallelic mutations in GBA1 gene on chromosome 1q21. The metabolic defect is a deficiency of the lysosomal enzyme acid-β glucosidase, due to mutations in GBA1 which results in the accumulation of the primary substrate, glucosylceramide and its downstream bioactive lipids [2] . The hallmark of the disease is accumulation of glucosylceramide-laden macrophages (Gaucher cells) that leads to the clinical phenotype of hepatosplenomegaly, cytopenia and a diverse pattern of skeletal disease.
The liver is universally involved in Gaucher disease ranging from mild to massive hepatomegaly associated with mild elevation of liver function tests and liver fibrosis as well as markedly elevated risk of hepatocellular carcinoma [3] [4] [5] , even in non-cirrhotic liver. Rarely, hepatopulmonary syndrome (HPS) arising from advanced liver disease is seen in GD patients [6] [7] [8] . The standard of care for HPS is liver transplantation as there are no known medical therapies that can reverse this life-threatening complication, hence these patients are given high priority on waiting lists [9] .
Macrophage-targeted recombinant enzyme replacement therapy (ERT) is based on delivery of the therapeutic enzyme to macrophages via macrophage mannose receptor and while it reverses visceral and hematological manifestation, it is not known whether this form of treatment has the potential to reverse disease manifestations that include advanced fibrosis [10] . Pathophysiology of GD involves development of fibrosis at multiple sites including the liver, the spleen, the bone marrow and the lungs [11] . We report a patient with Gaucher disease with advanced liver disease complicated by hepatopulmonary syndrome that was reversed by Imiglucerase enzyme replacement therapy (Fig. 1 ).
Case
The patient was born to first degree consanguineous parents and was found to have progressive splenomegaly and pallor at 18 months of age. Over the following 18 months, her spleen became massive with spleen tip in the pelvis, her Hb was 7 g/DL and platelets 60,000/μL. She underwent splenectomy at age 3 and her Hb and platelets normalized, and her growth parameters improved initially. However, she developed progressive hepatomegaly, liver dysfunction and failure to thrive. Hepatomegaly assumed huge proportions such that the liver occupied the entire abdomen and descended into the pelvis [ Fig. 2A] . By age 10, she became increasingly short of breath and developed florid finger clubbing [ Fig. 2C ]. Biopsy of her liver showed massive infiltration by Gaucher cells and cirrhosis. Bone marrow aspiration showed intense infiltration by Gaucher cells. Patient was found to be homozygous for p.Leu483Pro GBA mutation. From age 10 to age 14, the patient became incapacitated with hepatopulmonary syndrome, chronic hypoxemia (pulse oximetry on room air was 72%) and massive hepatomegaly. At age 14, her Hb was 11.5 g/dL and platelets 140,000/ μL, both relatively low for patient who had previously been splenectomized. Pulmonary function tests showed a restrictive defect. A lung perfusion study with Technecium99 Macro-aggregated Albumin (MAA) showed scintigraphic evidence of right -left shunting and arterio-venous fistulae in the hilum and periphery of the upper lung [ Fig. 2E ]. Survival prospects for this young patient were poor without liver transplantation.
The patient began Imiglucerase enzyme replacement therapy at age 14 years at a dose of 60 IU/kg/2 weeks through a humanitarian program established by Project Hope and Sanofi Genzyme. She had a dramatic response with reversal of hepatomegaly, anemia (Hb rising from 11.5 g/dL to 16 g/dL), relative thrombocytopenia (platelets rising from 140,000 to 260, 000/μL, hypoxemia (pulse oximetry on room air improving from 72% to 95%), growth failure and finger clubbing [ Fig. 2B & D] . Concomitantly, her biomarkers of Gaucher disease, serum chitotriosidase fell from 12,650 to 4350 nmol/ml/h (normal < 150). Doppler echocardiogram with bubble contrast showed no evidence of late shunting, consistent with reversal of intrapulmonary shunting. Estimated right ventricular systolic pressure derived from speed of tricuspid regurgitant jet was 40 mmHg (normal).
The patient enjoyed a good quality of life, married and became A.E. Beshlawy, et al.
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pregnant while continuing imiglucerase ERT. By this time, she had been on ERT for 10 years. Unfortunately she developed peripartum cardiomyopathy during pregnancy. Doppler echocardiogram showed biventricular failure with ejection fraction of 65% and there was no intrapulmonary shunting. Speed of tricuspid regurgitant jet could not be measured accurately due to biventricular failure. There was no evidence pericarditis/pericardial effusion on EKG or echocardiogram. Taken together with normal Doppler echocardiogram prior to start of pregnancy, it was felt the most likely diagnosis was peripartum cardiomyopathy. Resultant complications led to the development of cardiogenic shock after successful delivery of a healthy baby and she died 7 days postpartum.
Discussion
Pulmonary involvement in Gaucher disease can span the spectrum of interstitial lung disease to pulmonary vascular disease. Pulmonary vascular complications of GD comprise hepatopulmonary syndrome (HPS) and pulmonary arterial hypertension (PAH) and these can occur concurrently in the same patient [6] [7] [8] . Prior to the availability of ERT, these complications were invariably fatal [12] [13] [14] . Prevalence of parenchymal pulmonary involvement by Gaucher disease was reported by Lee et al., who found a third of GD1 and GD3 patients who died harbored extensive pulmonary infiltration by Gaucher cells at autopsy [15] . A more recent study of pulmonary function tests in GD1 patients reported a decreased functional reduced capacity in 45% of the patients along with a decrease in transfer coefficient for carbon monoxide, decreased total lung capacity in 22% patients and an increase in residual lung volume in 18% of patients [16] .
HPS is a triad of intrapulmonary vascular dilations and an imbalance in alveolar-arterial oxygen gradient in the setting of advanced liver disease [17] . The pathogenesis of intrapulmonary vascular dilatations in HPS is not clearly understood but may involve shunting of vasoactive mediators due to portosystemic shunting related to advanced liver disease. A unique feature of HPS in Gaucher disease, is that it can occur concurrently with plexogenic vasculopathy that underlies pulmonary hypertension. Consistent with this concept, Lo et al. reported 3 patients with florid HPS with massive hepatomegaly that reversed with imiglucerase ERT and unmasked underlying pulmonary arterial hypertension [6] . Similarly, Dawson et al. reported 2 patients with HPS who showed reversal of HPS after administration of alglucerase ERT but who subsequently developed PAH [7] . Thus the limited reports thus far have suggested a picture of pulmonary vascular disease in GD ranging from HPS to PAH, with concurrent occurrence in some patients.
Lung involvement has been described in Gaucher Disease Type 1 and in patients with p.Asn409Ser GBA1 mutation [6] . It is becoming clear that lung involvement is more common among patients homozygous for p.Leu483Pro mutation, the genotype of our patient [18] . Indeed, non-p.Asn409Ser GBA mutations were associated with increased severity of pulmonary hypertension [19] . Our patient, although carrying the neuronopathic phenotype, failed to manifest any neurological disease throughout the duration of her life but suffered severe hypoxemia and cyanosis from pulmonary complications from age 10 years. Our patient harbored other known risk factors for this complication, namely, female gender and asplenia [19] . Earlier studies also showed that severity score index was well correlated with HPS but not with PAH [6] .
The association of GD and HPS is related to the presence of endstage liver disease as well as the central role of macrophages in GD pathophysiology. A study by Thenappan et al. postulates that CD 68+ macrophages play an essential role in the pathogenesis of HPS in chronic liver disease in murine models of study [20] . GD is associated with macrophage activation and activated macrophages are known to be recruited to pulmonary arterioles and capillaries through plasma endotoxins and lung monocyte chemoattractant protein (MCP-1) [21] .
Accumulation of macrophages in the small vasculature results in the release of cytokines, inflammatory and growth factors including inducible nitric oxide synthase, vascular endothelial growth factor and platelet derived growth factor (PDGF) that trigger vascular dilation and angiogenesis seen in HPS. In addition macrophages are known to contribute to a proliferative vasculopathy and cellular remodeling through PDGF through an increase in the medial thickness of small pulmonary arteries and increased alveolar capillary density. Key role of macrophages in driving HPS pathophysiology is highlighted by this study where depletion of macrophages resulted in inhibition and regression of HPS in murine models [20] .
The established role of macrophages in HPS pathophysiology is highly relevant to GD, a disorder associated with prominent expansion of the macrophage system and macrophage activation [22] . Glucosylceramide-laden macrophages, Gaucher cells, accumulate in not only the vascular spaces of the pulmonary system but also in the interstitium and alveolar spaces [23] . In addition, bioactive lipids that accumulate systemically via glucosylceramide-laden macrophages is associated with immune activation and hypercytokinemia. Hypercytokinemia of GD includes significant elevation of MCP-1, a chemokine capable of recruiting macrophages to the pulmonary circulation in non-GD patients [21] . It should be noted that our patient had a dramatic response to Imiglucerase, a macrophage-targeted ERT. Due to the systemic nature of macrophage involvement in GD, the impressive therapeutic effect of Imiglucerase ERT on HPS is likely to be related to dual effects on hepatic disease as well as on macrophage infiltration of the lungs.
The lungs are already known to be a site that is relatively inaccessible to the effects of ERT due high uptake by the liver and it seems likely that as patient had prior splenectomy, deleivery to extrahepatic disease compartments, such as the lungs was improved. [24] . Hence the dramatic effects of Imiglucerase ERT seen in our patient is likely due to primary reversal of liver disease and hepatic fibrosis with additional effect on pulmonary vascular macrophages. The pathophysiology linking glucosylceramide accumulation and macrophage activation with fibrosis is not understood, nor is the potential role of hepatic stellate cells. This is an important area of study since fibrosis is a widespread response to the metabolic defect in GD involving the liver, bone marrow, spleen and the lungs.
